Abstract Adenosine monophosphate-activated protein kinase (AMPK) is expressed in all eukaryotic cells and can therefore be found in vertebrates, invertebrates, and plants. Since AMPK participates in the regulation of homeostasis on various levels, small compounds that can modulate AMPK activity could be valuable research tools. Several flavonoids can modulate AMPK. Here we investigated the modulatory effect of 37 isoflavones on AMPK activity using an in vitro kinase assay. Because the relationship between the structural properties of flavonoids and their modulatory activities has not been elucidated yet, we used comparative molecular field analysis to derive the structural conditions for modulation of AMPK activity. The molecular binding mode of isoflavones to AMPK was elucidated using in silico docking studies. The findings presented here can aid in the design of new modulators with better specificity for AMPK.
Introduction
Adenosine monophosphate (AMP)-activated protein kinase (AMPK) is expressed in all eukaryotic cells and is present in vertebrates, invertebrates, and plants (Ghillebert et al. 2011) . It was first identified in 1988, and mammalian AMPK was purified and sequenced in 1994 (Munday et al. 1988; Mitchelhill et al. 1994) . Although AMPK was discovered only recently, a large body of knowledge exists on its function because it plays various roles in the regulation of homeostasis. AMPK regulates carbohydrate metabolism, including glycolysis, glycogen metabolism, and glucose uptake, sensing, and production. It is also involved in lipid metabolism, including cholesterol synthesis and fatty acid partitioning and uptake, mitochondrial biogenesis, and protein metabolism, including cell growth and apoptosis (Steinberg and Kemp 2009) . AMPK consists of three subunits, a, b, and c, which are highly conserved across different eukaryotic species (Hardie et al. 2003) . Because AMPK has a heterotrimeric structure, 12 heterotrimeric combinations are possible (Hardie et al. 2012) . In mammalian cells, two isoforms of the a subunit, two isoforms of the b subunit, and three isoforms of the c subunit are known (Carling 2004) . The a and c subunits contain a bbinding domain and the b subunit has both a-and cbinding domains (Goransson et al. 2007 ). These binding domains are conserved in all a, b, and c isoforms. The three-dimensional (3D) structures of human AMPK have been determined using X-ray crystallography (Xiao et al. 2013; Li et al. 2015) .
Since AMPK participates in the regulation of homeostasis at various levels, several studies have set out to discover small compounds that can control AMPK activity. Berberine, an isoquinoline alkaloid, has been used for the H. Jung and S. Ahn have contributed equally to this work.
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The online version of this article (doi:10.1007/s13765-016-0149-8) contains supplementary material, which is available to authorized users. therapy of type II diabetes in Korea (Choi et al. 2015) . and can activate AMPK (Brusq et al. 2006) . Metformin is another stimulator of AMPK activity (Musi et al. 2002 ) that has been used for type II diabetes treatment (Knowler et al. 2002) . The fatty acid a-lipoic acid also activates AMPK (Lee et al. 2006) as does resveratrol, a plant-derived polyphenol (Zang et al. 2006) . Different flavonoids, including anthocyanin, (-)-epigallocatechin-3-gallate, naringenin, naringin, tangeritin, and fisetin have also been shown to modulate AMPK (Hajiaghaalipour et al. 2015) . In a previous study, we demonstrated that apigenin and trihydroxyflavone inhibit AMPK, while kaempferide and trihydroxymethoxyflavone activate AMPK (Yong et al. 2015) . Flavonoids are plant-derived polyphenols, all of which shave a C6-C3-C6 skeleton as their common structural feature. Flavonoids with a 4H-chromen-4-one C6-C3 structure are referred to as flavones and those with a chroma-4-one structure as flavanones. Among the flavonoids mentioned above, tangeritin and fisetin belong to the flavones, while naringenin and naringin are flavanones. A further distinction can be made between 2-phenyl-4H-chromen-4-one and 3-phenyl-4H-chromen-4-one compounds, which are classified as flavones and isoflavones, respectively. Genistein, formonetin, prunetin, and daidzein belong to the category of isoflavones, and they all modulate AMPK Andersen et al. 2014; Cheong et al. 2014; Sanchez et al. 2008) . Although almost 10,000 papers on AMPK can be found on PubMed, only one paper covers the relationships between the structural properties of the compounds that regulate AMPK and their activity (Wang et al. 2011 ). However, that study did not include flavonoids; thus, virtually nothing is known about the relationship between the structural properties of flavonoids and their effects on AMPK. We investigated isoflavones as modulators of AMPK using an in vitro kinase assay and derived the structural conditions for improved effects on AMPK from quantitative structure-activity relationship (QSAR) calculations. The molecular binding mode of isoflavones to AMPK was elucidated through in silico docking studies.
Materials and methods
We studied 37 isoflavones, which were purchased from Indofine Chemicals (Hilsborough, NJ, USA). They all contained hydroxy or methoxy groups, and 4 isoflavones were also glycosylated. Their structures and names are listed in Table 1 . The in vitro kinase assay of AMPK was performed using the Z'-LYTE Kinase Assay kit (Invitrogen, Carsbad, CA, USA) which contains AMPK a1b1c1. All materials for the kinase assay were used as provided in the kit and other materials were purchased from local suppliers. We followed the procedures provided by the manufacturer's manual and a previously reported method (Yong et al. 2015) . The concentrations of AMPK and ATP were adjusted to 0.49 nM and 50 lM, respectively. The phosphorylation of AMPK at Thr172 is required for its activity (Hawley et al. 1996) . A peptide, AlaMetAlaArgAlaAlaSerAlaAlaAlaLeuAlaArgArgArg, was used as the AMPK substrate. A 96-well-plate reader (Molecular Devices, Sunnyvale, CA) was used to measure fluorescence resonance energy transfer between coumarin and fluorescein where excitation was given at 400 nm and emission signals for coumarin and for fluorescein were obtained at 445 and 520 nm, respectively. The concentration of the test compounds was 40 lM. The AMPK induction values of the test compounds were determined relative to the AMPK induction obtained at 100 % phosphorylation. All experiments were iterated three times. The relative activity of AMPK in the presence of the tested isoflavones ranged between 62 and 108 %, and is listed in Table 1 for each compound. To obtain the modulatory activity of each isoflavone, the corresponding relative AMPK activity was normalized to that of the condition showing the strongest inhibitory effect. Negative logarithmic scales were used for the QSAR calculations, which are listed in Table 1 .
The QSAR calculations were performed using comparative molecular field analysis (CoMFA) on an Intel Core 2 Quad Q6600 (2.4 GHz) Linux PC with the molecular modeling package Sybyl 7.3 (Tripos, St. Louis, MO) (Hyun et al. 2012) . To obtain the 3D structures of the tested isoflavones, the X-ray crystallographic structure of 4 0 -hydroxy-7-methoxyisoflavone deposited in the Protein Data Bank (1FP2.pdb) was used as a template (Zubieta et al. 2001) . All test compounds were sketched using the Sybyl program based on the 3D structure of 4 0 -hydroxy-7-methoxyisoflavone. The most stable structures were determined following previously reported methods (Shin et al. 2014) . Likewise, CoMFA was carried out following previously published methods (Shin et al. 2014) .
Results and discussion
The results obtained from the in vitro kinase assay were confirmed using Western blot analysis. Preadipocytes 3T3L1 (American Type Culture Collection, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium supplemented with 10 % fetal bovine serum (Hyclone, Logan, UT, USA). Following treatment with 40 lM isoflavones, the 3T3L1 cells were harvested and lysed in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (pH 7.2), 1 % Triton X-100, 10 % glycerol, 150 mM NaCl, 10 lg/mL leupeptin, and 1 mM phenylmethylsulfonyl fluoride. Electrophoresis and immunoblotting were performed as previously described ). Anti-phospho-AMPKa (Thr172) was purchased from Cell Signaling Technology (Beverly, MA, USA). Signals were detected using an enhanced chemiluminescence detection system (Amersham Pharmacia Biotech, Inc., Piscataway, NJ, USA) (Yong et al. 2015) .
To elucidate the molecular binding between isoflavones and AMPK, in silico docking was analyzed on an Intel Core 2 Quad Q6600 (2.4 GHz) Linux PC with Sybyl 7.3 software, following previously published methods . The 3D structures of human AMPK have been determined and deposited in the Protein Data Bank, and the 3D structure with the best resolution was chosen for in silico docking studies.
The lowest AMPK activity was noted upon treatment with the isoflavone derivative 3 0 ,4 0 ,7-trihydroxyisoflavone (62 %, named TIF, 29), while treatment with 7-hydroxyisoflavone (108 %, named HIF, 22) and 7-methoxyisoflavone (108 %, named MIF, 25) resulted in the highest relative AMPK activity (Fig. 1) . To validate the results obtained from the QSAR calculations, first, a test set was chosen based on the hierarchical clustering analysis (Pirhadi and Ghasemi 2010). As shown in Supplementary  Fig. 1 , the seven derivatives (13, 17, 21, 24, 34, 36, and 37) selected as a test set belong to different structural groups. The training set except the test set was aligned for the identification of interactions between probe atoms and the rest of the molecule using the Sybyl/DATABASE Alignment module. As shown in Supplementary Fig. 2 , all derivatives of the training set were aligned and a consistent superposition was obtained. The linear correlation between the calculated fields, including electrostatic and steric fields, and the experimental data was obtained using partial least squares regression. Several CoMFA models were built. To enhance the values of the cross-validation correlation coefficient (q 2 ) and the non-cross-validated coefficient (r 2 ), the region-focusing method was applied, with the standard deviation coefficient value ranging from 0.3 to 1.2 and the grid spacing values from 0.5 to 1.5. When q 2 , r 2 , the standard deviation coefficient, and the grid spacing values were 0.672, 0.974, 0.8, and 1.0, respectively, the best model was selected and the electrostatic and steric field contributions were 41.6 and 58.4 %, respectively. The optimal number of components, the standard error of estimate, and F-values were 6, 0.01, and 141.808, respectively. The experimental data in the training set were compared with the values predicted from the CoMFA model mentioned above and listed in Table 2 . The residuals between the experimental data and the predicted values ranged between 0.04 and 2.68 % for the training set. For the test set, which was selected based on the hierarchical clustering analysis, the residuals between the experimental data and predicted values ranged from 4.50 to 20.07 %. Thus, we concluded that our CoMFA model is reliable. The experimental data were plotted against the predicted values ( Supplementary Fig. 3 ). To visualize field contributions obtained from the CoMFA model, contour maps were generated using the Sybyl program. In the case of the steric field, the steric bulky-favored region contributed 20 %, and the disfavored region contributed 80 %. In the contour map for the electrostatic field, the electropositive-group-favored region and the electronegativegroup-favored region contributed 93 and 7 %, respectively ( Supplementary Fig. 4 ). Here, 'favor' refers to the activation of AMPK. The bulky substituents at the C-3 0 position increase the activation of AMPK. Derivatives 15, 33, 36, and 37 all have methoxy groups at C-3 0 and showed lower pAc values than derivative 29. The electrostatic substituents at C-3 0 contribute to the inhibitory effects on AMPK. Derivative 29 has a hydroxy group at C-3 0 and showed higher pAc values than derivatives 15, 33, 36, and 37.
The results from the in vitro AMPK kinase assay showed that 3 0 ,4 0 ,7-trihydroxyisoflavone inhibited AMPK, while 7-hydroxyisoflavone and 7-methoxyisoflavone activated AMPK. To confirm these results, immunoblot analysis was performed using preadipocyte 3T3L1 cells. As shown in Fig. 2A , serum starvation for 24 h increased the level of AMPK phosphorylation on Thr-172 in the activation loop of the kinase domain, which indicates the activation of AMPK. This increase was substantially reduced by treatment with 10 % fetal bovine serum (FBS). However, when serum-starved cells were treated with 10 % FBS in the presence of 7-hydroxyisoflavone (22) or 7-methoxyisoflavone (25), the serum-induced decrease in AMPK phosphorylation was prevented, indicating that derivatives 22 and 25 activate AMPK activity ( Fig. 2A) . On the contrary, when serum-starved cells were treated with sunitinib, a potent AMPK inhibitor (Laderoute et al. 2010) , the serum starvation-induced increase of AMPK phosphorylation was attenuated (Fig. 2B) . Similarly, treatment with 3 0 ,4 0 ,7-trihydroxyisoflavone (29) reduced the serum starvation-induced increase in AMPK phosphorylation. These data demonstrate that isoflavone derivatives 22 and 25 activate AMPK activity, while compound 29 potentially inhibits AMPK activity.
To understand the molecular binding between AMPK and the three derivatives mentioned above, in silico docking studies were carried out using the Sybyl program. Among the different 3D structures deposited in the Protein Data Bank (PDB) are two human AMPK structures (Xiao et al. 2013; Li et al. 2015) . Because 4cfe.pdb had a better resolution, we used it for our in silico docking studies. Human AMPK consists of three subunits, a, b, and c, which are composed of 552, 270, and 331 residues, respectively. The structure deposited as 4cfe.pdb is a hexamer, with two sets of each subunit. Chain A (a2 subunit) contains 519 residues (8-295 and 321-551), chain B (b1 subunit) has 193 residues (78-270), and chain E (c1 subunit) has 299 residues (27-325) (Xiao et al. 2013 ). These three chains consist of more residues than chains C (a2 subunit), D (b1 subunit), and F (c1 subunit), which is why a trimer of A, B, and E chains was chosen for the analysis. To obtain the 3D structure in solution, 4cfe.pdb was subjected to energy minimization. The process was ceased based on the total energy convergence criterion (0.05 kcal/moll Å ). The crystallographic structure of 4cfe.pdb contains two ligands, the activator benzimidazole 992 (Supplementary Fig. 5A ) and the inhibitor staurosporine ( Supplementary Fig. 5B ). Therefore, two apoproteins of AMPK were obtained from the energy-minimized structure by the deletion of each ligand using the Sybyl program. The binding site of staurosporine was determined based on the previously reported results of 4cfe.pdb and on the LigPlot analysis (Kramer et al. 1999; Xiao et al. 2013) . Because staurosporine resides in chain A (a2 subunit), all residues in the binding site are part of chain A: Leu22, Gly23, Val24, Gly25, Val30, Ala43, Glu94, Val96, Glu100, and Glu143. The radius for the flexible docking was set to 6.5 Å . Before the docking process, the original inhibitor, staurosporine was docked into the apo-AMPK without staurosporine. The ligand was returned to its normal complex. The docking process for derivative 29, 3 0 ,4 0 ,7-trihydroxyisoflavone, was performed as for staurosporine. Since the docking process was iterated 30 times, 30 different AMPK-ligand complexes were The asterisk (*) denotes the test set and x means the standard deviation coefficient/the grid spacing value used for the region-focusing method Appl Biol Chem (2016) 59(2):217-225 221 obtained. Their binding energies ranged from -21.18 to -13.76 kcal/mol. Because the first complex had the lowest binding energy and the best docking pose, it was selected for the study of the molecular binding between AMPK and 3 0 ,4 0 ,7-trihydroxyisoflavone. As shown in Fig. 3A , Leu22, Gly23, Val24, Gly25, Val30, Asn144, and Leu146 are involved in the hydrophobic interactions and Val96 formed a hydrogen bond (H-bond). Six residues are found in both the AMPK-3 0 ,4 0 ,7-trihydroxyisoflavone complex and the AMPK-staurosporine complex: Leu22, Gly23, Val24, Gly25, Val30, and Val96. While 3 0 ,4 0 ,7-trihydroxyisoflavone forms one H-bond with AMPK, staurosporine forms four H-bonds with the Glu94, Val96, Glu100, and Glu143 of AMPK. Moreover, while 10 residues are involved in the binding of staurosporine (Fig. 3B) , the binding site of 3 0 ,4 0 ,7-trihydroxyisoflavone consists of only nine residues. The binding energy of the AMPK-staurosporine complex ranges from -40.63 to -26.12 kcal/mol and is much lower than that of the AMPK-3 0 ,4 0 ,7-trihydroxyisoflavone complex. Staurosporine can inhibit AMPK at the nanomolar level. In this study, 40 lM of 3 0 ,4 0 ,7-trihydroxyisoflavone inhibits AMPK by only 62 %. Thus, the weaker inhibitory effect of 3 0 ,4 0 ,7-trihydroxyisoflavone can be explained by the weaker molecular binding between AMPK and 3 0 ,4 0 ,7-trihydroxyisoflavone. The 3D images of 3 0 ,4 0 ,7-trihydroxyisoflavone and staurosporine residing in the binding site of AMPK were generated using the PyMol program (The PyMOL Molecular Graphics System, Version 1.0r1, Schrödinger, LLC, Portland, OR) (Figs. 4A, B) .
As mentioned above, the crystallographic structure of 4cfe.pdb contains not only an inhibitor, but also an activator, benzimidazole 992. Two derivatives, 7-hydroxyisoflavone (22) and 7-methoxyisoflavone (25), activated AMPK and their binding modes with AMPK were also studied. First, apo-AMPK, without benzimidazole 992, was prepared in the same manner as for staurosporine. Its binding site was determined based on previously reported results for 4cfe.pdb and on the LigPlot analysis (Xiao et al. 2013) . Bound benzimidazole 992 resides in both chain A (a2 subunit) and chain B (b1 subunit), and its binding site consists of Leu18 (A), Val24 (A), Gly28 (A), Lys29 (A), Lys31 (A), Arg83 (B), Arg107 (B), Serine phosphate108 (B), and Asn111 (B) (Supplementary Fig. 6A ). From the 30 AMPK-7-hydroxyisoflavone complexes obtained during the flexible docking process, the 23rd complex showed the best docking pose. Therefore, it was selected for the study of the binding mode, even though it did not exhibit the lowest binding energy. The LigPlot analysis indicated that the AMPK-7-hydroxyisoflavone complex includes one hydrophobic interaction with Ile46 (A) and three H-bonds with Lys29 (A), Arg83 (B), and Asn111 (B) (Supplementary Fig. 6B ). While nine residues participated in the binding of benzimidazole 992, the binding site of 7-hydroxyisoflavone consisted of four residues. In addition, the binding energy between AMPK and benzimidazole 992 ranged from -22.75 to -17.33 kcal/mol, while that between AMPK and 7-hydroxyisoflavone ranged from -18.43 to -12.46 kcal/mol. These results explain why the AMPK activation by 7-hydroxyisoflavone (108 % at 40 lM) is much weaker than that by benzimidazole 992 (60 nM). Likewise, the docking process was carried out for 7-methoxyisoflavone. The LigPlot analysis showed that the AMPK-7-methoxyisoflavone complex includes one hydrophobic interaction with Ile46 (A) and 3 H-bonds with Lys29 (A), Arg83 (B), and Asn111 (B) ( Supplementary  Fig. 6C ). Its binding energy ranged from -15.89 to -12.77 kcal/mol. As a result, the binding between AMPK on one hand and 7-methoxyisoflavone and 7-hydroxyisoflavone on the other hand, are similar.
Several isoflavones, including genistein, puerarin, sophoricoside, daidzein, and formonetin, have a modulatory effect on AMPK (Andersen et al. 2014; Cheong et al. 2014; Noh et al. 2011; Palacios-Gonzalez et al. 2014; Sanchez et al. 2008; Wu et al. 2013 ). In our previous report, biochanin A, daidzein, formonetin, and genistein showed inhibitory effects at 100 lM, while glycitein activated AMPK at 100 lM (Yong et al. 2015) . The current study evaluated the effect of 37 isoflavones in an in vitro (B) 3T3L1 preadipocytes were starved from serum for 24 h, and subsequently incubated with either 10 % fetal bovine serum or 40 lM derivative compounds. Whole-cell lysates were prepared for immunoblot analysis with anti-phospho AMPK (Thr172). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. S denotes the AMPK inhibitor sunitinib kinase assay and confirms that isoflavones modulate AMPK. Comparative molecular field analysis (CoMFA) demonstrated that bulky or electrostatic substituents at the C-3 0 position in isoflavones are important for the modulatory activity towards AMPK. The results obtained in the Fig. 3 The binding sites of (A) 3 0 ,4 0 ,7-trihydroxyisoflavone and (B) staurosporine in AMPK were analyzed by the LigPlot program. Red arches indicate the residues participating in hydrophobic interactions and the dotted lines indicate hydrogen bonds. Full red circles denote the residues present in the binding sites of both 3 0 ,4 0 ,7-trihydroxyisoflavone and staurosporine in vitro kinase assay were confirmed by Western blot analysis. In addition, the reason why 3 0 ,4 0 ,7-trihydroxyisoflavone shows a weaker inhibitory effect on AMPK than staurosporine was elucidated based on in silico docking studies. In the context of AMPK activation, the binding of 7-hydroxyisoflavone and 7-methoxyisoflavone to AMPK was also compared to that of benzimidazole 992 using in silico docking. These findings can aid in the design of new compounds with improved modulatory activities towards AMPK.
